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ABSTRACT
In the last 10 years, since its last giant outburst in 2006, regular X-ray outbursts (type I) were detected every periastron passage in the
Be X-ray binary EXO 2030+375. Recently, however, it was reported that the source started to show a peculiar behavior: its X-ray flux
decreased significantly and type I outbursts were missed in several cases. At the same time, the spin frequency of the neutron star,
which had been increasing steadily since the end of the 2006 giant outburst, reached a plateau. Very recent observations indicate that
the source is now starting to spin down.
These observed phenomena have a striking similarity with those which took place 20 years ago, just before the source displayed
a sudden orbital phase shift of the outburst peak (1995). This historical event occurred at the time exactly between the two giant
outbursts (1985 and 2006). These phenomena suggest the system to have an underlying periodicity of 10.5 years between orbital
phase shifts and/or giant outbursts. The suggested periodicity may reflect some long-period dynamics in the circumstellar disk of
the Be star, due, e.g., to the Kozai-Lidov effect. A model generating such a periodic change of the Be disk, namely Kozai-Lidov
oscillations in the Be disk, is discussed. If this behavior is really periodical, another phase shift of the X-ray outburst peak is predicted
to occur around 2016 December.
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1. Introduction
Be X-ray binaries (hereafter BeXRBs) are binary star systems
composed of a neutron star (typically with a strong magnetic
field) and a (O9-B2)-type star from which emission lines
have been observed, known as a Be star. From optical and
infrared observations, these stars are known to harbor large
circum-stellar disks, which also provide a satisfactory expla-
nation of the X-ray radiation observed from these systems
(Reig 2011). Most BeXRBs exhibit a characteristic transient
X-ray radiation, so-called outbursts, during which the X-ray
luminosity increases until it reaches a maximum and fades away
again, on a timescale from a week to several months. Two main
types of X-ray outbursts are commonly distinguished: (i) type
I, also known as normal outbursts, with a typical luminosity of
LX ∼ 1036 − 1037 erg s−1, which typically occur periodically
at the periastron passage time, hence with a period equal to
the orbital period; (ii) type II or giant outbursts, which are
significantly more luminous with LX >∼ 1037 erg s−1 and can
last for several orbital periods. Giant outbursts are generally
assumed to occur randomly (Stella et al. 1986; Okazaki &
Negueruela 2001).
The origin of the X-ray radiation from type I outbursts is usually
explained by the interaction between the Be-star disk and the
neutron star. When the neutron star approaches the Be star
and its disk closely enough, accretion can occur, resulting in
the emission of X-ray radiation. Similarly, type II outbursts
are considered to arise through accretion from the disk, but it
is still unclear what causes them to be different from type I
outbursts, including in parts accretion at times differing from
the periastron passage. Latest theories and simulations suggest
that an increased eccentricity or warping of the Be disk, which
is misaligned with the orbital plane, cause the type II outbursts
(Martin et al. 2014a). Okazaki et al. (2013) found that enormous
amounts of matter can be transferred through Bondi-Hoyle
Lyttleton accretion from the warped Be disk in misaligned
systems.
The X-ray source EXO 2030+375 is a BeXRB, composed
of a magnetized neutron star and a B0 Ve companion (Coe et al.
1988). It was discovered on 1985 May 17 during a giant outburst
(Parmar et al. 1989). The source is characterized by a spin
period of 42 s, an orbital period of 46.021 days, an eccentricity
of 0.4190 (Wilson et al. 2008) and by being the Be X-ray binary
with the largest number of observed type I outbursts (over 150),
occurring almost every periastron passage.
Owing to its nearly continuous activity, EXO 2030+375 has
been studied extensively. Ten years after the discovery giant
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outburst, the source experienced an orbital phase jump (hereafter
the OPJ95) of the type I outbursts around MJD 50000 in 1995
(Reig & Coe 1998; Wilson et al. 2002). The outburst peak of
the next detected outburst was shifted by about 8-9 days earlier
than the preceding outbursts. Ten years after this event, a second
giant outburst was observed in 2006 (Corbet & Levine 2006;
Klochkov et al. 2007; Baykal et al. 2008; Wilson et al. 2008).
The type I outbursts after the giant outburst were shifted by
about 8-9 days later than the previous type I outbursts (hereafter
the OPJ06).
Since these events, the source has been continuously monitored
by the Monitor of All-sky X-ray Image (MAXI), a Japanese
instrument onboard the International Space Station, the Burst
Alert Telescope (BAT) on the Swift satellite, and the Gamma-
ray Burst Monitor (GBM) on the Fermi satellite. As a result,
the X-ray flux and spin period changes of the source were
determined.
After the last giant outburst, a type I outburst was detected at
every periastron passage, at least until 2012 July. Recently,
however, the source faded in X-rays, and some outbursts were
missed. Simultaneously, the spin period, which had been in-
creasing since the 2006 giant outburst, reached a plateau (Fuerst
et al. 2016). Using Fermi/GBM data, we report that the source
is now starting to spin down.
A single measurement of the Hα line was taken on 2014 De-
cember 7 (Iaian Steele, private communication). Its equivalent
width is of 11 ± 2 Å, similar to the profiles before the OPJ95
(around 15 Å).
These phenomena resemble those before the OPJ95. They
suggest that giant outbursts and orbital phase shifts are linked
and occur every 20 years.
In this paper, we investigate the recent phenomena and the possi-
ble periodicity by analyzing the X-ray monitoring data, the spin
period, and the Hα equivalent width in the context of the entire
historical behavior of EXO 2030+375.
2. Observations
2.1. MAXI/GSC
The Monitor of All-sky X-ray Image (MAXI) is an instrument
onboard the International Space Station (ISS) that has been con-
tinuously monitoring X-ray sources since the beginning of its
operations in 2009 August (Matsuoka et al. 2009). Its main in-
strument, the Gas Slit Camera (GSC), is sensitive to an energy
range of 2-30 keV and has a time resolution of 0.1 ms (Mihara
et al. 2011). Every 92 minutes, the ISS completes an orbit around
the Earth, which enables MAXI to observe the entire X-ray sky,
except regions close to the Sun. As a result, the MAXI/GSC data
are useful to study the long-term variations of X-ray sources.
We used the publicly available light-curves of the official MAXI
website1 for this study.
2.2. Swift/BAT
Swift was launched in 2004 and designed specifically for the
search of Gamma-ray bursts. Its monitoring instrument, the Burt
Alert Telescope (BAT), is searching for transient events in the
15-50 keV band from 80% of the sky (Barthelmy et al. 2005).
Light curves for monitored sources are publicly available on the
1 http://maxi.riken.jp/top/
official website2, the Hard X-rays Transient Monitor (Krimm
et al. 2013).
2.3. Fermi/GBM
The Fermi Gamma-Ray Space Telescope was launched in 2008
and is dedicated to the study of gamma-ray sources. Its Gamma-
ray Burst Monitor (GBM) instrument has an energy range of 20
MeV to about 300 GeV (Meegan et al. 2009). For this study, the
public pulsar data3 were used.
2.4. RXTE/ASM
The Rossi X-ray Timing Explorer was launched in December
1995 and was operative until January 2012. Its All Sky Monitor
instrument had a total collecting area of 90 cm2. It had a moni-
toring capability of 80% of the sky per minute and was operative
in the 2-10 keV band (Levine et al. 1996). Public archival data
from this instrument4 were used for the study.
3. Data analysis
3.1. Overview
Recent monitoring data of several instruments are combined
with previously published X-ray and optical data to understand
the recent behavior of EXO 2030+375 in the context of its his-
tory.
An overview of the entire behavior of the source can be found
in Fig. 1, where the light curve and the evolution of the spin fre-
quency, the timing of the peak, and the equivalent width of the
Hα line are shown.
3.2. Light curve
In the light curve we show in Fig. 1 panel (a), EXOSAT/ME
data from Parmar et al. (1989) and monitoring data from
RXTE/ASM, Swift/BAT and MAXI/GSC are plotted. For better
comparison, the flux of each instrument was rescaled to the Crab
flux with a value of 1 Crab = 0.22 counts s−1 cm−2 (Krimm et al.
2013), 1 Crab = 3.6 counts s−1 cm−2 (Matsuoka et al. 2009)
and 1 Crab = 75.5 counts s−1 cm−2 (Levine et al. 1996) for
Swift/BAT (15-50 keV), MAXI (2-20 keV) and RXTE/ASM (1-
12 keV), respectively. Black arrows indicate the times at which
no significant X-ray emission was found during the predicted
type I outbursts (orbital solution of Wilson et al. 2008) from the
BATSE outbursts listed in Wilson et al. (2002) (indicated with
violet rectangles) and from recent monitoring data.
It is apparent that outbursts are missed more and more frequently
for the two periods in which there were missing outbursts (in
1995 and 2015).
3.3. Spin frequency
The evolution of the spin frequency is shown in Fig. 1 (b).
Data from Wilson et al. (2008) are shown as well as recent
Fermi/GBM data. During the two giant outbursts, a dramatic
spin-up of the neutron star was observed (MJD 46200 and
2 http://swift.gsfc.nasa.gov/results/transients/
3 http://gammaray.nsstc.nasa.gov/gbm/science/pulsars.
html
4 http://heasarc.gsfc.nasa.gov/docs/xte/ASM/sources.
html
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Fig. 1. Overview of the long-term evolution of EXO 2030+375. (a) Long-term history of the X-ray light curve rescaled to the Crab flux; black
arrows indicate missed type I outbursts. Outbursts listed in Wilson et al. (2002) are indicated as violet rectangles. The width of the rectangle
corresponds to the outburst timescale. (b) Long-term history of the spin period from Wilson et al. (2005, 2008) and Fermi/GBM data. The error
bars are smaller than the symbols. (c) Peak outburst time with respect to the periastron passage time and peak precursor peak time with respect
to periastron passage time determined with the method described in the text. (d) Long-term history of the Hα line equivalent width from various
authors. Detailed information is given in the text.
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MJD 54000). The subsequent transition to a slower spin up fol-
lowed by a constant spin is remarkably similar both around MJD
49300, before the pulsar started spinning down and for the most
recent measurements.
The latest data points strongly indicate that the source is now
starting to spin down (see also Fig. 5).
3.4. Hα line equivalent width
In BeXRBs, crucial information about the Be disk size and state
can be obtained from optical observations. The most prominent
spectral emission line in the optical band is the hydrogen α-line,
and its equivalent width is a good indication of the Be disk size
(see, e.g. Reig 2011). In Fig. 1 (d), we combine all published
measurements of the Hα line equivalent width (Norton et al.
1994; Reig et al. 1998; Wilson et al. 2002; Baykal et al. 2008).
At present as before the OPJ95, an increase of the equivalent
width can be seen. A dramatic drop of the equivalent width
occurred after the OPJ95 (MJD 50500). Because of lacking
observations, it remains unfortunately unclear how it evolved
earlier. However, infrared photometry measurements indicate
a drop in magnitude at least 100 days before the OPJ95 (Reig
et al. 1998; Wilson et al. 2002).
3.5. Timing of the outburst peak
The orbital phase at which the type I outbursts of EXO
2030+375 peaks occur has changed dramatically in the past.
To investigate the recent evolution of the orbital shift and pos-
sible similarities with the past behavior, we used data from
MAXI/GSC, Swift/BAT, and RXTE/ASM and determined the
peak.
The simple Gaussian model used in previous studies (Wilson
et al. 2002; Baykal et al. 2008; Wilson et al. 2008) did not result
in a good fit for many of the outbursts, owing to the better resolu-
tion of modern instruments. As known for many BeXRBs (e.g.,
Kuehnel et al. 2015), outbursts can have a variety of shapes. Tak-
ing this into account, we used four models, namely the Gaussian
model employed in earlier studies (Eq. 1), a Lorentzian model
(Eq. 2), an asymmetric Gaussian model similar to the one used
in Kuehnel et al. (2015) (Eq. 3) and some outbursts showing an
initial spike were fitted with a double Gaussian model. The peak
phase for each outburst was obtained from the model resulting
in the best fit,
FGaussian(x) = K · exp
(−(x − µ)2
2σ2
)
(1)
FLorentzian(x) =
Kσ
pi
(
σ2 + (x − µ)2
) (2)
The parameters K, µ, and σ specify the scaling factor, the loca-
tion of the peak, and the standard deviation, respectively:
Fassymetric Gaussian(x) = Fmax

exp
(
− (x−tmax)2σ2rise
2
)
for x < tmax
exp
(
− (x−tmax)2σ2decline
2
)
for x ≥ tmax
(3)
The parameters Fmax, tmax, σrise, and σdecline specify the highest
value at the peak, the peak time, and the standard deviation of
the Gaussian function at the rising and declining phase, respec-
tively.
From the fitted peak time, the timing of the peak and hence the
orbital phase were determined, as plotted in panel (c) of Fig. 1.
Here, we took P = 46.0205 ± 0.0002 d as the orbital period and
MJD 54044.73 ± 0.01 as the origin of periastron (Wilson et al.
2008). Data from each monitoring instrument were fitted sepa-
rately using a range of one orbital period for each outburst (Fig.
3). We verified whether a systematic offset could have been in-
troduced by the use of four different models for the fitting, and
found that all models agree within ±1 d.
In panel (c) of Fig. 1 the evolution of the outburst peak can be
clearly seen. The outburst peak had a stable phase 5-6 days after
periastron until the OPJ95 (around MJD 50000), when a sudden
drop to 4-5 days before periastron occurred, followed by a slow
recovery to 3-4 days before periastron. During the giant outburst
2006, a phase shift,OPJ06, of the same amplitude as during the
OPJ95 but in the opposite direction (from 3-4 days after perias-
tron to 13-14 days after periastron) was observed (Wilson et al.
2008). Afterward, the type I outburst peak slowly changed back
to the initial phase 5 of days after periastron.
The orbital phase of important events is shown in Fig. 2. To cal-
culate the orbit, we used the orbital solution of Wilson et al.
(2008) and estimated an orbit inclination of i = 48.57 from the
mass function, assuming masses of MBe = 20M and MNS = 1.4
for the companion star and the neutron star, respectively. The
calculated orbit and the trajectory of the Lagrangian L1 equilib-
rium point are shown in the figure. The first calculations of the
orbital phase show a stable peak time of the type I outbursts 5.5
days after periastron (orbital phase of 0.12) (A). The majority
of type I outbursts in EXO 2030+375 start one week before the
peak is reached. For these outbursts, it corresponds to a phase of
0.98 (B). At the time of the OPJ95, the next measured type I out-
burst suddenly peaked about 5 days before periastron, at a phase
of 0.89 (C). From folding the outbursts, we note that most type I
outbursts have an approximate duration of one week between the
start and the peak time. With this estimate, we can calculate that
the outburst after the OPJ95 started approximately at an orbital
phase of 0.74. Interestingly, this value is very close to the 2006
giant outburst starting phase of 0.75 (D). We note, however, that
the start time of the giant outburst might not have much signif-
icance because the outburst lasted for three orbital cycles. We
also note that the peak time of the stable type I outbursts (A) and
the peak of the outburst after the OPJ95 (C) are 180◦ apart.
3.6. Outburst precursors
For several outbursts before the 2006 giant outburst, an ini-
tial spike before the type I outburst peaks was reported in two
INTEGRAL observations and three RXTE/PCA observations
(Camero Arranz et al. 2005). The authors noted that it appeared
to be a recurrent feature.
Using MAXI/GSC, Swift/BAT, and RXTE/ASM, we observed
that many more outbursts before and after the giant outbursts in
2006 also display this feature. To investigate the time at which
a precursor appeared, we fitted these outbursts with the sum of
two Gaussian functions (see Eq. 1). The outbursts mainly have
two types of precursor shapes: a broad peak and a sharp peak fol-
lowed by the main outburst. Figure 3 shows examples of the two
shapes. In panel (a) the case of a first peak with a width almost
equal to the next is presented. This outburst might even be classi-
fied as a double-peaked outburst. In panel (b) a spike before the
regular outburst can be observed. In total, of the 156 outbursts
studied, 2 were Fig. 3 (a)-like and 17 had a Fig. 3 (b)-like pre-
cursor. As reported in Baykal et al. (2008), the giant outburst of
May 2006 itself (MJD 53900) can also be well approximated by
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L1 point trajectory, respectively. We use coordinates with the Be star as
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the sum of two Gaussian functions. The resulting precursor peak
outburst phase is represented by hollow symbols for each instru-
ment in Fig. 1 panel (c).
As shown in Fig. 1 panel (c), the orbital phase of the prede-
cessor outburst can be approximated as being constant around
a value consistent with a shift of 4-5 days before the OPJ95 oc-
curred (see also label C in Fig. 2). This might imply that a sim-
ilar mechanism causes this. It can be argued that the OPJ is a
result of a change in the relative strength of the precursor and
the main outburst. This argument is contradicted by the fact that
no precursors or weak flare in the fading phase was seen be-
fore OPJ95 (Fig. 1 c, MJD 49000-50000), when the strongest
precursors would be expected.In addition, at the time when the
weakest precursors would be expected, around OPJ06 (Fig. 1
c, MJD 53000-54000), the precursors are clearly detected (see,
e.g., the penultimate type I outburst before OPJ06, Fig. 3 (a)).
We did not find the constant interval between the precursor peak
and the outburst peak claimed by Camero Arranz et al. (2005).
4. Discussion
4.1. Periodicity
The phenomenological similarities between the recent behavior
of EXO 2030+375 and the events just before the OPJ95 are
striking: missing X-ray outbursts, transition to spin-down and
orbital phase of type I outburst peak. They imply analogous
underlying physical mechanisms to be present and thus a pre-
dictability. Since the events 20 years ago were followed by the
OPJ95, it may be natural to expect a similar behavior on the
same timescale. We note here that the OPJ95 occurred at a pe-
culiar time, exactly in between the two giant outbursts. This is
intriguing and might imply the presence of an underlying peri-
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Fig. 3. Example of precursor fits with a double Gaussian model for
Swift/BAT and RXTE/ASM. (a) Almost double-peaked-like outburst.
(b) An initial spike is clearly observed with both instruments.
odicity related both to the recently observed events and to the
giant outbursts.
Assuming the existence of a periodicity, two possible scenarios
can be considered:
1. There is a periodicity in the giant outbursts and orbital phase
shifts.
2. Only the giant outbursts are periodic, the OPJ95 is a random
event.
Both giant outbursts and an orbital phase shift are typically inter-
preted as related to the interaction between disk and neutron-star
. The former results from the accretion of a large amount of mat-
ter when the neutron star passes through the disk and the latter
from a tilted or precessing disk, leading to capture of matter at
a time different from the periastron passage (e.g., Martin et al.
2014a; Moritani et al. 2013; Nakajima et al. 2014). Therefore, if
there is a periodicity, we can expect it to be related to the Be disk
state.
To estimate the period between giant outbursts, we folded the
light curve by matching the declining part of the EXOSAT
and RXTE/ASM observations because they have similar energy
bands. There is some uncertainty in the derived period because
only the decline of the discovery giant outburst was observed.
The possibly periodic events and their occurrence times are sum-
marized in Table 1.
From this method, we derived a periodicity of 7746 d between
two giant outbursts and consequently 3873 d between the or-
bital phase shifts and the giant outbursts. Because of the lack
of observations for the first giant outburst (at the first detection
of the source, the rise was not observed and the peak time is un-
certain) and the OPJ95 (no outburst detection before the phase
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Table 1. Summary of the possibly periodic events and their occurrence time
Event 1985 giant outburst OPJ95 2006 giant outburst and OPJ06 Predicted orbital phase shift
Event start time [MJD] <46204 49870 53880 57753
Event end time [MJD] 46290 50040 54034 -
shift for three orbital periods) and as a result of the low num-
ber of recurrent events, the uncertainty of the period is strongly
linked to the interval of missing observations and to the assump-
tion used. Assuming half the period to be given by the dura-
tion between OPJ95 and OPJ06, the largest uncertainty is esti-
mated to be on the order of the uncertainty on the time at which
the OPJ95 occurred, that is, three orbital periods. As noted by
Klochkov et al. (2008), the 1985 giant outburst was certainly
brighter than the giant outburst in 2006. Studies of outburst
shapes have shown a correlation between brightness and dura-
tion of outbursts (Kuehnel et al. 2015). We can therefore assume
that the 1995 giant outburst lasted longer than the 2006 giant out-
burst. For this reason, OPJ95 most likely occurred almost exactly
in between the two giant outbursts. Figure 4 shows the resulting
folded plot (same as Fig. 1). For clarity, a zoom of the light curve
showing the overlapping giant outbursts is inserted. Comparing
the previous and recent behavior, we note the following:
– The spin period behavior (quick turnover after the giant
outburst; reaching a plateau after eight years, followed by
spin down) and the light curves match very well.
– The recent orbital phase of the type I outburst peak (5 d after
periastron) is very similar to the level just before the OPJ95.
– Times of missing outbursts are in good agreement.
– The recent measurement of the Hα line is in good agreement
with the ones before the OPJ.
With the derived period, we predict the next orbital phase shift
to occur at around MJD 57753d (December 2016). Recently,
Fermi/GBM data showed strong indications that the source is
now starting to spin down. To compare this observation to the
frequency measurements from 20 years ago, we folded the spin
frequency plot around this time with the derived period of 7746
d. The results can be found in Fig. 5. The same frequency scale
was used, and the recent measurements were shifted at the time
in which a plateau was reached for better comparison. The last
two measurements have high associated uncertainties because of
the current low intensity of the source. Overall, the spin period
evolution both now and 20 years ago is very similar, even though
the recent spin frequency increase was somewhat faster than the
one 20 years ago. The comparable time of spin-down is a strong
indication that there is indeed a global periodicity in the behav-
ior of EXO 2030+375 with the calculated period. If confirmed,
the latest data point shows that the spin down might be faster this
time.
4.2. Interpretations
4.2.1. Random phenomenon
We noted that the OPJ95 occurred at a time exactly in between
the two giant outbursts. However, because of the low number of
observations, we cannot rule out the possibility that this apparent
periodicity is due to a random phenomenon. Whether there is a
periodicity in the next event and the time at which the next giant
outburst occurs can therefore verify this hypothesis.
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Fig. 5. Spin frequency evolution folded with a period of 7746 d and
centered on most recent measurements. The most recent measurements
have been shifted for a better comparison, with the same spin frequency
scale. Black empty circles, filled gray squares and filled gray inverted
triangles correspond to the most recent Fermi/GBM measurements and
BATSE and RXTE/ASM measurements from Wilson et al. (2005), re-
spectively. The vertical dotted line indicates the time of the OPJ95 and
of the predicted orbital phase shift.
4.2.2. Quasi-periodic behavior
In the early studies of Be X-ray binaries, it was noted that gi-
ant outbursts seem to be quasi-periodic. For example, one of the
first BeXRB systems, 4U 0115+63, was known for showing a
giant outburst every 3-5 years (Whitlock et al. 1989; Okazaki &
Negueruela 2001; Boldin et al. 2013), and the system Cep X-4
has a quasi-period of 4 years (McBride et al. 2007). Most ex-
planations of this phenomenon are based on the idea that the Be
disk grows until it reaches a critical size at which a large quan-
tity of matter from the disk can be captured by the neutron star.
The duration between giant outbursts is then directly linked to
the size and geometry of the Be disk.
In the case of EXO 2030+375, the same interpretation can be
used for the origin of the giant outbursts, and the OPJ95 can be
partly explained by a double Be disk.
Several double disks around Be stars have been reported in the
past (X Per: Tarasov & Roche (1995); µ Cen:Rivinius et al.
(1998, 2001b); 28 CMa and FV CMa Rivinius et al. (2001a)).
Of these, X Per is the only BeXRB. Tanaka et al. (2007) ob-
served the Be star Pleione using spectroscopy observations and
found a double Be disk.
The double Be disk consists of an inner disk on the equatorial
plane and an outer disk that is highly misaligned and precessing
probably due to a companion star.
The normal outbursts before the OPJ95 could have been caused
at a crossing point of the outer disk and the neutron star orbit.
After the Be disk dissipates away even more, there are no out-
bursts for ∼ 200 days. This timescale is in agreement with that
of other Be disk systems, where changes in size and density of
the Be disk were on the order of some hundreds days (e.g., XTE
J1946+274 from −18 Å to −48 Å in 100 d (Özbey Arabacı et al.
2015) and 1A 0535+262 from 1.76 Å to −10.05 Å in 430 d
(Grundstrom et al. 2007)). Then the inner disk reaches the neu-
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Fig. 4. Same as Fig. 1, folded with a period of 7746 d. The times before and after folding are indicated above and below each plot, respectively. On
the right side of the plot, legends are shown accordingly. (a) The arrows have been shifted for clarity. The inset shows a zoom of the overlapping
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tron star orbit and, since it rotates on a different plane than the
outer one, the crossing point of the neutron star orbit moves and
the orbital phase of the type I outburst peak changes.
In this scenario, the stop of the mass ejection of the first (outer)
disk and start of the second (inner) disk is determined by the ac-
tivity of the Be star itself. The interval between the first giant
outburst and the OPJ95 and that between the OPJ95 and the sec-
ond giant outburst may not be exactly the same. The outer disk,
however, often shows a precession and the orbital phase of the
cross section drifts with time. It is not consistent with the ob-
served constant orbital phase of the normal outburst before the
OPJ95. Although Wilson et al. (2002) reported the observation
of double- and even triple-peaked line profiles, evidence for a
double Be disk has not been reported for EXO 2030+375.
4.2.3. Kozai-Lidov oscillations
A possible trigger of type II outbursts in BeXRBs, namely
Kozai-Lidov oscillations occurring in the Be disk, has recently
been proposed (Martin et al. 2014b). This phenomenon is of par-
ticular interest for our study because the oscillations are period-
ical.
Kozai-Lidov oscillations are a physical phenomenon affecting
the body with the lowest mass in a three-body scenario under
certain conditions, leading to a periodic change of its eccentric-
ity and inclination. They were first described by Kozai (1962)
and Lidov (1962) when the authors solved the problem of the
influence of celestial bodies in the solar system (e.g., Jupiter) on
the evolution of a test particle orbit (asteroids orbits around the
Sun and artificial satellites orbiting planets). When a test particle
has a high initial inclination of the particle orbit plane with re-
spect to the binary orbit plane (39◦ <∼ ip0 <∼ 141◦) in an initially
circular orbit (initial eccentricity ep0 = 0), periodic oscillations
will appear. As the test particle orbits, its eccentricity and in-
clination change following the conservation of the the angular
momentum component perpendicular to the orbit:
cos ip
√
1 − e2p ≈ const. (4)
The effect of Kozai-Lidov oscillations on hydrodynamical disks
has been simulated for the first time by Martin et al. (2014b) and
was further investigated in Fu et al. (2015a,b). These teams dis-
cussed an explicit application to type II outbursts in BeXRBs. By
increasing the eccentricity of the circum-stellar disk, the outer
edge of the Be disk approaches the neutron star orbit, and then
the neutron star can capture matter directly from the Be disk,
even when not at periastron (Martin et al. 2014a). Using hydro-
dynamical disk simulations, the authors found that Kozai-Lidov
oscillations can occur, although they become damped. Assum-
ing a rigid disk with radius R and a surface density Σ following
a power law Σ ∝ R−p, the timescale of the oscillations τKL can
be approximated as
τKL
Porb
≈ (4 − p)(
5
2 − p
) ( a
Rout
) 3
2
√
MBe
MNS
(
MBe
MNS
+ 1
)
, (5)
with MBe and MNS the mass of the Be star and the neutron star,
respectively; Porb the binary orbital period, a the binary separa-
tion in a circular orbit, and Rout the initial disk outer radius. How-
ever, this estimate does not take into account the dependence on
the inclination angle. As was discussed in Fu et al. (2015a), the
timescale of Kozai-Lidov oscillations becomes longer, the start
time slightly later, and the amplitude smaller with a decreasing
inclination angle. The authors show that the equation is valid to
about a factor 2.
Within this accuracy, the outer disk radius can be approximated
by the binary separation at periastron Dperi and the orbital sepa-
ration by the semi-major axis asm. Following simple ellipse ge-
ometry, we can express both quantities as a function of the ec-
centricity e of the neutron star orbit:
a
Rout
≈ asm
Dperi
= (1 − e)−1 . (6)
For a realistic estimate of the timescale of Kozai-Lidov oscil-
lations in the Be disk of EXO 2030+375, we assume reason-
able values for the unknown parameters: p = 1.5 (Martin et al.
2014b), MBe = 20M, and MNS = 1.4M (Okazaki & Negueru-
ela 2001). Using the orbital parameters described in Wilson et al.
(2008), we obtain τKL ≈ 83 Porb ≈ 3820 d. Considering the un-
certainties of the parameters, this estimate is similar to the period
we derived between an orbital phase shift and a giant outburst.
4.2.4. Kozai-Lidov oscillations in EXO 2030+375
As pictured in Fig. 3 of Martin et al. (2014b), Kozai-Lidov os-
cillations in hydrodynamical disks lead to a periodic exchange
of the Be disk eccentricity for its inclination. Both parameters
experience a damped oscillation between two extrema, with the
eccentricity maximum occurring at the inclination minimum and
vice versa.
From the previous calculation and the known uncertainty of the
timescale estimation, we can consider two interpretations of a
periodic change in EXO 2030+375 that are linked:
(a) The giant outbursts and the OPJ95 occur when the ec-
centricity of the disk is at its maximum. In this case, the
time between a giant outburst and an orbital phase shift
corresponds to the oscillation timescale, as our calculation
suggests.
(b) Only the giant outbursts occur when the eccentricity of
the disk is at its maximum and the OPJ95 corresponds to
the eccentricity minimum, that is, the inclination angle
maximum. Therefore, the Kozai-Lidov oscillation timescale
is of ten years, which is within the accuracy of the calculated
value of between 3820d (10.5 y) and 7640d (20.9 y).
In interpretation (a), the disk eccentricity becomes higher around
MJD 46000 and extends far enough (beyond the truncation ra-
dius) for the neutron star to accrete a large amount of matter,
leading to a fast spin-up and a giant X-ray outburst. The same
scenario can explain the giant outburst around MJD 53900. In
this case, we know from observations that the giant outburst
started around the orbital phase 0.75, the same phase as the start
of the OPJ95 (see Fig. 2 and explanations in Sect. 3.5). We can
identify this phase as the start phase of the crossing region be-
tween the disk and the neutron star orbit. The differences be-
tween the OPJ95 and the giant outbursts must therefore originate
in another effect that affects both the optical and the X-ray flux,
such as disk loss or precession.
We consider the possibility of a disk loss after the previous gi-
ant outburst. The decrease of H-alpha equivalent width, near-
infrared brightness, and the fading in X-rays suggest that the
disk size and/or density gradually decreased around MJD 49000.
However, because of the Kozai-Lidov effect, the disk eccentric-
ity increases while the density of the disk decreases, which en-
ables the neutron star to pass nearby the outer disk at a given
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phase. This leads to the observation of an orbital phase shift in-
stead of a giant outburst. This is supported by the similar starting
orbital phase of the giant outburst and of the OPJ95 and the simi-
lar equivalent width of the Hα line measurements. From infrared
data (Wilson et al. 2008), it seems that the color did not change,
contrary to what we expect for a disk-loss scenario.
In interpretation (b), the giant outbursts occurs for the same rea-
son as in the previous case: the enhanced eccentricity of the Be
disk enables the accretion of a large quantity of matter by the
neutron star and hence a giant X-ray outburst apart from peri-
astron. However, in this case, the OPJ95 is due to the changes
in the Be circum-stellar disk inclination, which reaches a maxi-
mum at the time of the orbital phase shift. As a consequence of
the inclination change, the projected area of the Be disk becomes
smaller, leading to the observed drop in the equivalent width of
the Hα line and infrared brightness. At the same time, since the
disk eccentricity becomes lower and the inclination increases,
the outer region of the disk is farther away from the neutron star,
leading to a drop in the accretion rate and hence in the X-ray
flux. In this model, the OPJ95 could be caused by the inclina-
tion change. With this interpretation, it remains unclear why the
timescale of changes in the orbital phase of the type I outbursts’
peak after the OPJ95 and the timescale of the Hα variability is
much shorter than the timescale of the Kozai-Lidov oscillations.
4.2.5. Predictions
If there is an underlying periodicity due to Kozai-Lidov oscil-
lations, then we expect certain phenomena to occur in the next
years, depending on the model used:
– In interpretation (a), we expect a giant outburst, accompa-
nied by an orbital phase jump, to occur every 10 or 20 years.
If the disk is large enough, then we would expect a giant
outburst to occur approximately in December 2016. If not,
then we may observe an orbital phase shift. Additionally,
this model implies that a giant outburst should be observed
approximately in August/September 2027.In the double-disk
scenario, the same prediction is made with less accuracy.
– Interpretation (b) predicts a jump in the orbital phase of the
type I outburst peak in around December 2016 and a giant
outburst starting approximately in August/September 2027.
4.3. Note added after submission
An orbital phase shift occurred in EXO 2030+375 (Laplace et al.
2016). The outburst reached a peak on 2016 July 20 at an orbital
phase of 0.015. Compared to the almost constant peak phase of
0.13 in the past 7 years (see Fig. 1 (c)), this represents a shift of
5 days in the same direction as for the OPJ95. This event, which
we had predicted, supports our suggestions of a 20-year period-
icity, even though it did not occur at the predicted time (end of
December 2016).
It is interesting to note that the amplitude of this orbital phase
shift has only half the value of OPJ95 and OPJ06. This suggests
that we are only seeing the beginning of an orbital phase shift
that might further increase during the next type I outbursts. This
might be due to the better resolution of the current X-ray moni-
tors.
Observations of the behavior of the source during the type I out-
bursts following this event in the X-ray, optical, and infrared
range will clarify whether interpretation (a) or (b) is more plau-
sible (future work).
5. Conclusions
The main findings of our study can be summarized as follows:
– Phenomenologically, the recent unusual behavior of EXO
2030+375 is very similar to the events before MJD 50000:
(1) a drop in the X-ray flux with some outbursts becoming
undetected; (2) a transition from slow spin-up to almost con-
stant spin, then spin-down; (3) a strengthening of the Hα line
equivalent width.
– From all these similarities, a 3800-day or 7700-day peri-
odicity of events can be derived, which can be related to the
occurrence of type II outbursts and to orbital phase changes.
If this periodicity exists, we predict an orbital phase shift to
occur around December 2016. At the same time, we might
observe a giant outburst.
– We have shown that such a periodicity could be plausibly
explained by Kozai-Lidov oscillations in the Be disk.
– Recent X-ray observations seem to support the existence of
a 20-year periodicity.
Infrared and optical observations are needed to verify the Be disk
state and to confirm whether a recurrence exists.
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